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
$EVWUDFW²3HULRGLFVXUIDFHODWWLFH 36/VWUXFWXUHVKDYHEHHQ
IDEULFDWHG DQG PHDVXUHG :KHQ WKH UHTXLUHG FRQGLWLRQV DUH
PHW YROXPH DQG VXUIDFH ZDYHV FDQ FRXSOH WR IRUP D FDYLW\
HLJHQPRGH DW D IUHTXHQF\ GHWHUPLQHG E\ WKH 36/¶V
SDUDPHWHUV 7KH IRUPDWLRQ RI VXFK HLJHQPRGHV LV UHOHYDQW WR
WKH UHDOL]DWLRQ RI KLJKSRZHU PPZDYH DQG 7+] FRKHUHQW
VRXUFHV

.H\ZRUGV²SHULRGLF VXUIDFH ODWWLFH 36/ VXUIDFH PRGH
YROXPHPRGHPRGHFRXSOLQJPPZDYHVRXUFHV
, ,1752'8&7,21
5HVHDUFK LQYROYLQJ WKH H[SORLWDWLRQ RI HOHFWURPDJQHWLF
(0ILHOGV LQVLGHDQGRQ WKHVXUIDFHRISHULRGLF ODWWLFHV LV
UHOHYDQWWRWKHUHDOL]DWLRQRIKLJKSRZHUFRKHUHQWUDGLDWLRQ
VRXUFHVRSHUDWLQJLQWKH*+]7+]IUHTXHQF\UHJLPHV6XFK
VRXUFHVDUHVXLWHGWRYDULRXVDSSOLFDWLRQVLQFOXGLQJLPDJLQJ
DQG VHFXULW\ FRPPXQLFDWLRQV WKH TXDOLW\ FRQWURO RI
SKDUPDFHXWLFDO SURGXFWV DQG PRQLWRULQJ DWPRVSKHULF GXVW
FORXGV DQG VSDFH GHEULV  ,Q RUGHU WR DYRLG PXOWLPRGH
H[FLWDWLRQZKLFKLVGHWULPHQWDOWRWKHHIILFLHQWRSHUDWLRQRI
WKHGHYLFH WKHFDYLW\GLPHQVLRQVRI(0VRXUFHVWHQGWREH
FRPSDUDEOH WR WKH LQWHQGHG RSHUDWLQJ ZDYHOHQJWK RI WKH
VRXUFH  7KLV GHFUHDVH LQ FDYLW\ VL]H ZLWK ZDYHOHQJWK
UHVWULFWV WKHSRZHURXWSXW FDSDELOLW\ RI PPZDYHDQG7+]
VRXUFHV  2YHUFRPLQJ WKLV FKDOOHQJH E\ LQWURGXFLQJ QRYHO
PHWKRGVRIPRGHVHOHFWLRQLQRYHUVL]HGFDYLWLHVDOORZVKLJK
SRZHURXWSXWFDSDELOLWLHVWREHPDLQWDLQHGDWPPZDYHDQG
7+]IUHTXHQFLHV>@7KHWHFKQLTXHSURSRVHGLQWKLVZRUN
LQYROYHV WKH XVH RI SHULRGLF VXUIDFH ODWWLFHV 36/V ZKLFK
XQGHUFHUWDLQFRQGLWLRQVDUHVKRZQWRIDFLOLWDWHFRXSOLQJRI
YROXPH DQG VXUIDFH ILHOGV UHVXOWLQJ LQ WKH IRUPDWLRQ RI D
VLQJOHFDYLW\HLJHQPRGH7KHVHVWUXFWXUHVPD\EHGHVFULEHG
DV KLJKLPSHGDQFH VXUIDFHV RU HIIHFWLYH PHWDPDWHULDOV GXH
WRWKHLUVPDOOFRUUXJDWLRQGHSWKLQUHODWLRQWRWKHLURSHUDWLQJ
IUHTXHQF\  36/V RI SODQDU JHRPHWU\ XVHG WR GHPRQVWUDWH
WKH IXQGDPHQWDO ³SURRI RI SULQFLSOH´ FRXSOLQJ RI YROXPH
DQGVXUIDFHILHOGVDUHFRQVLGHUHGLQWKLVZRUN 6XFK36/V
FDQ EH IDEULFDWHG LQWR F\OLQGULFDO VWUXFWXUHV ZKLFK FDQ EH
FRPELQHG ZLWK D VXLWDEOH HOHFWURQ EHDP YLD FRQIRUPDO
PDSSLQJ

3ODQDU 36/V ZLWK GLIIHUHQW SHULRGLFLWLHV PP
PP PP DQG PP GHVLJQHG WR RSHUDWH DW WKH
*+]IUHTXHQF\EDQGZHUHREWDLQHGXVLQJODVHUDQG
FKHPLFDO HWFKLQJ WHFKQLTXHV  7KH VLPSOHVW VWUXFWXUHV
FRQVLVWLQJRIPPWKLFNFRSSHU36/VZLWKRXWVXEVWUDWHV
GHVLJQHG WR VWXG\ WKH VXUIDFH ILHOG H[FOXVLYHO\ ZHUH
IDEULFDWHG XVLQJ ODVHU HWFKLQJ 7KHVH 36/V VKDUH VRPH
VLPLODULWLHVWRLQGXFWLYHPHVKVWUXFWXUHVXVHGDVKLJKEDQG
SDVV ILOWHUV >@  3ODQDU 36/V PRXQWHG RQ GLHOHFWULF
VXEVWUDWHV ZLWK D WUDQVYHUVH VL]H RI  SHULRGV DQG
FRUUXJDWLRQ GHSWK RI P ZHUH IDEULFDWHG E\ HWFKLQJ
FRSSHU FRDWHG )5 VKHHWV 7R IXUWKHU YDU\ WKH VWUXFWXUHV¶
SURSHUWLHV )5 VXEVWUDWHV RI WKUHH GLIIHUHQW WKLFNQHVVHV
PPPPPPDQGSHUPLWWLYLW\
ZHUHXVHG7KHSHUPLWWLYLW\RIHDFKVDPSOHZDVHVWDEOLVKHG
E\PHDVXULQJ WKHSKDVHRID*+]VLJQDO ODXQFKHG
WKURXJKWKHVDPSOH)RUVRPHVWUXFWXUHVWKHFRSSHUEDFNLQJ
RI WKH FRDWHGGLHOHFWULF VKHHWV ZDV OHIW LQWDFW ZKLOVW LQ WKH
RWKHUVWKHFRSSHUZDVHQWLUHO\GLVVROYHG,WKDVEHHQVKRZQ
WKDWWKHFRSSHUEDFNLQJLPSURYHVWKHV\QFKURQLVDWLRQRIWKH
ODWWLFH E\ FRQILQLQJ WKH YROXPH ILHOG ZLWKLQ WKH GLHOHFWULF
DQGIDFLOLWDWLQJWKHFRXSOLQJRIYROXPHDQGVXUIDFHILHOGV
7KH36/VDUHVFDODEOHDQGFDQEHWDLORUHGWRRSHUDWHRYHU
GLIIHUHQW IUHTXHQF\ EDQGV $ VKRUWHU ZDYHOHQJWK PP
36/ GHVLJQHG WR RSHUDWH ZLWKLQ WKH  *+] EDQG LV
SKRWRJUDSKHGLQILJ











)LJ  0DJQLILHG LPDJH VKRZLQJ D VHFWLRQ RI WKH PP 36/ VWUXFWXUH
GHVLJQHG WR RSHUDWH DW  *+]  7KH 36/ ZDV IDEULFDWHG XVLQJ
FKHPLFDOHWFKLQJWHFKQLTXHVDQGSKRWRJUDSKHGXVLQJD+LUR[PLFURVFRSH
,,5(68/76
([SHULPHQWDO PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ DQ
$QULWVX9HFWRU1HWZRUN$QDO\]HU91$FRPSOHPHQWHGE\
DSDLURIKLJKIUHTXHQF\KHDGVDVVKRZQLQILJ7KH36/V
ZHUH PHDVXUHG RYHU YDULRXV LQFLGHQW DQJOHV ߠ௜ ZKLOVWNHHSLQJ WKH DQJOHV RI WKH ODXQFKLQJ DQG UHFHLYLQJ KRUQV
HTXDO ߠ௜ ߠ௥ )RU WKH VHW RI PHVK 36/ VWUXFWXUHV ZLWKRXWVXEVWUDWHVDVKDUSVXUIDFHILHOGUHVRQDQFHZDVPHDVXUHGDWD
IUHTXHQF\GHWHUPLQHGE\WKH36/¶VSHULRGLFLW\
7KH VXUIDFH ILHOG UHVRQDQFHV ZHUH IRXQG WR H[KLELW D
FOHDU DQJXODUGHSHQGHQFH VKLIWLQJ GRZQ LQ IUHTXHQF\ ZLWK
LQFUHDVLQJDQJOH
:LWKWKHLQFOXVLRQRIDGLHOHFWULFVXEVWUDWHEXWQRFRSSHU
EDFNLQJ PXOWLSOH UHVRQDQFHV ZHUH REVHUYHG  )LJ VKRZV
WKHUHIOHFWHGSRZHUIRUDPP36/HWFKHGRQWRDPP
)5 VXEVWUDWH DQG PHDVXUHG RYHU DQ DQJXODU UDQJHRI ߠ௜    5HVRQDQFH  FRUUHVSRQGV WR WKH 36/¶V VXUIDFH
6XUIDFHDQGYROXPHPRGHFRXSOLQJ
H[SHULPHQWVIRUKLJKSRZHUPPZDYH
VRXUFHV

$-0DF/DFKODQ$53KLSSV&:5REHUWVRQ,9.RQRSOHY$:&URVVDQG$'53KHOSV
'HSDUWPHQWRI3K\VLFV683$8QLYHUVLW\RI6WUDWKFO\GH*ODVJRZ*1*6FRWODQG8.
-$,'HSDUWPHQWRI3K\VLFV8QLYHUVLW\RI2[IRUG2[IRUG2;5+(QJODQG8.
DGUSKHOSV#VWUDWKDFXN
'LHOHFWULF
&RSSHU
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
ILHOG ZKLOH  LV DQ LQWHUQDOO\ UHIOHFWHG YROXPH PRGH
5HVRQDQFH  LV VXJJHVWLYH RI ZHDN HLJHQPRGH IRUPDWLRQ
GXHWRWKHSRRUO\V\QFKURQLVHG36/



)LJ3KRWRJUDSKVKRZLQJPHDVXUHPHQWVRIWKHPPPHVK36/PDGH
DWYDULRXVLQFLGHQWDQJOHV$SDLURI*EDQGKRUQVZHUHFRQQHFWHGWR
*+]KHDGVRID9HFWRU1HWZRUN$QDO\]HU91$XVHGWRHYDOXDWHWKH
VFDWWHULQJSDUDPHWHUV

7KH VXUIDFH ILHOG UHVRQDQFHV ZHUH IRXQG WR H[KLELW D
FOHDU DQJXODUGHSHQGHQFH VKLIWLQJ GRZQ LQ IUHTXHQF\ ZLWK
LQFUHDVLQJDQJOH
:LWKWKHLQFOXVLRQRIDGLHOHFWULFVXEVWUDWHEXWQRFRSSHU
EDFNLQJ PXOWLSOH UHVRQDQFHV ZHUH REVHUYHG  )LJ VKRZV
WKHUHIOHFWHGSRZHUIRUDPP36/HWFKHGRQWRDPP
)5 VXEVWUDWH DQG PHDVXUHG RYHU DQ DQJXODU UDQJHRI ߠ௜    5HVRQDQFH  FRUUHVSRQGV WR WKH 36/¶V VXUIDFH
ILHOG ZKLOH  LV DQ LQWHUQDOO\ UHIOHFWHG YROXPH PRGH
5HVRQDQFH  LV VXJJHVWLYH RI ZHDN HLJHQPRGH IRUPDWLRQ
GXHWRWKHSRRUO\V\QFKURQLVHG36/


)LJ 5HIOHFWLRQ PHDVXUHPHQW IRU D PP 36/ PRXQWHG RQ D PP
)5 VXEVWUDWH ZLWK QR FRSSHU EDFNLQJ  7KUHH UHVRQDQFHV UHODWLQJ WR
YROXPHDQGVXUIDFHILHOGVDUHREVHUYHG

&RKHUHQW HLJHQPRGH IRUPDWLRQ REVHUYHG IRU D PP
36/ PRXQWHG RQ D PP FRSSHUEDFNHG VXEVWUDWH DW D
IL[HGLQFLGHQWDQJOHRILVVKRZQLQILJ
7KH WKUHHRYHUODLG WUDFHV ZKLFK ZHUH UHFRUGHGRQ WKUHH
GLIIHUHQW RFFDVLRQV VHSDUDWHG LQ WLPH E\ VHYHUDO PRQWKV
GHPRQVWUDWH WKH UHSURGXFLELOLW\ RI WKH UHVXOWV :KHQ WKH
FRSSHU LV SRVLWLRQHG EHKLQG WKH 36/ DQG VXEVWUDWH LQ DQ
DUUDQJHPHQW VLPLODU WR D )DEU\3HURW FDYLW\ ZLWK WKH 36/
DQGFRSSHUEDFNLQJDFWLQJDVPLUURUV WKH LQGLYLGXDO ODWWLFH
SHUWXUEDWLRQV DUH V\QFKURQLVHG E\ WKH YROXPH ILHOG LQVLGH
WKH GLHOHFWULF 7KH VLQJOH UHVRQDQFH LV µPRGHORFNHG¶ WR D
SDUWLFXODU IUHTXHQF\ DQG QR ORQJHU VKLIWV ZLWK LQFLGHQW
DQJOH 6XFK KLJK4 FDYLWLHV ZKHQ PDSSHG LQWR F\OLQGULFDO
JHRPHWU\ FDQ IRUP WKH EDVLV RI D QRYHO FRKHUHQW VRXUFH
ZKHQ H[FLWHG E\ D VXLWDEOH HOHFWURQ EHDP SDVVLQJ WKURXJK
WKHF\OLQGULFDOFDYLW\7KHDGYDQWDJHRIXVLQJVXFK36/VWR
IRUP HLJHQPRGHV LQ RYHUPRGHG VWUXFWXUHV LV WKDW WKH\
IDFLOLWDWHWKHGLVUXSWLRQRIWKHXVXDOVFDOLQJRIRXWSXWSRZHU
ZLWKIUHTXHQF\,QVWHDGRIXVLQJFRQYHQWLRQDOVFDOLQJUDWLRV
RI 'Ȝ a  ZKHUH ' UHSUHVHQWV WKH GLDPHWHU RI WKH
F\OLQGULFDO VWUXFWXUH DQG Ȝ LV WKH ZDYHOHQJWK XVLQJ WKLV
PHWKRGRIHLJHQPRGHIRUPDWLRQDQGVHOHFWLRQLWLVEHOLHYHG
WR EH UHDOLVWLF WR DFKLHYH FRKHUHQW UHODWLYHO\ HIILFLHQW
UDGLDWLRQVRXUFHVZLWK'ȜaDQGHYHQWXDOO\'Ȝa7KH
ODWWHU UHSUHVHQWV D KXQGUHGIROG LQFUHDVH LQ WKH FURVV
VHFWLRQDODUHDRIWKHLQWHUDFWLRQVWUXFWXUHZLWKFRQVHTXHQWLDO
LQFUHDVHV LQ WKH PD[LPXP RXWSXW SRZHU REWDLQDEOH IURP
VKRUW ZDYHOHQJWK PPZDYHDQG VXE7+] VRXUFHV%HFDXVH
RI WKH PRGH VHOHFWLYLW\ SURYLGHG E\ WKH YROXPH
PRGHVXUIDFH PRGH FRXSOLQJ PHFKDQLVP WKH GHYLFH SRZHU
RXWSXW DQG HIILFLHQF\ DUH QRW H[SHFWHG WR GHFUHDVH DV LV
XVXDOO\ WKH FDVH ZKHQ LQVXIILFLHQW PRGH VHOHFWLYLW\ LV
SURYLGHGDQGDQRYHUPRGHGGHYLFHRSHUDWHVLQDPXOWLPRGH
PDQQHU
7KH UHVXOWV RI WKLV JHQHULF ZRUN VXJJHVW WKDW VRXUFHV
ZRUNLQJDWVHYHUDO¶VRI*+]FDQEHGHVLJQHGWRSURYLGH
RXWSXW SRZHUV DQG HIILFLHQFLHV FRPSDUDEOH ZLWK
FRQYHQWLRQDO VRXUFHV ZLWK 'Ȝ a  RSHUDWLQJ DW ORZHU
IUHTXHQFLHVVXFKDVa*+]
,W VKRXOG EH QRWHG WKDW DOWKRXJK SULQWHG FLUFXLW ERDUGV
3&%V LQYROYLQJ GLHOHFWULF PDWHULDOV KDYH EHHQ XVHG IRU
WKHVH SODQDU WZR GLPHQVLRQDO ³SURRI RI SULQFLSOH´ 36/
H[SHULPHQWVLQDQHOHFWURQEHDPGULYHQF\OLQGULFDO36/WKH
VWUXFWXUHLV LQWHQGHGWREHDOOPHWDOOLFDQGIXOO\FRPSDWLEOH
ZLWK KLJK YDFXXP KLJK SRZHU HOHFWURQEHDPV >@ DQG
LQWHQVHHOHFWURPDJQHWLFILHOGV7KHFRKHUHQWFRPELQDWLRQRI
HOHFWURPDJQHWLF ILHOGV ZLWKLQ DQ RYHUVL]HGRYHUPRGHG
VWUXFWXUH WR SURGXFH KLJKHU SRZHUV LV DQ DOWHUQDWLYH
DSSURDFK WR FRKHUHQWO\ FRPELQLQJ HOHFWURPDJQHWLF ILHOGV
WRJHWKHUH[WHUQDOO\IURPVHYHUDOSKDVHV\QFKURQLVHGGLVFUHWH
VRXUFHV>@
7KH FRQVWUXFWLRQ RI DOOPHWDOOLF F\OLQGULFDO 36/
VWUXFWXUHV EDVHG RQ WKH VDPH IXQGDPHQWDO PRGHFRXSOLQJ
SULQFLSOHV DQG VXLWDEOH IRU EHLQJ H[FLWHG DQG GULYHQ E\ DQ
HOHFWURQEHDP LV WKH VXEMHFWRIDQRWKHU UHODWHGSDSHUEHLQJ
SUHVHQWHGLQWKLV:RUNVKRS>@

)LJ &RKHUHQW HLJHQPRGH IRUPDWLRQ GXH WR FRXSOLQJ RI WKH VXUIDFH DQG
YROXPHILHOGVIRUDPP36/HWFKHGRQWRDPP)5VXEVWUDWHZLWK
D ߤ݉ FRSSHU IRLO EDFNLQJ PHDVXUHG DW  7KH  RYHUODLG WUDFHV
GHPRQVWUDWHWKHUHSURGXFLELOLW\RIWKHPHDVXUHPHQWV

$$00DF/DFKODQHWDO8&0074LQJGDR&KLQD

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
,,, 6800$5<
7KHFRXSOLQJRIYROXPHDQGVXUIDFHPRGHVDQGFRKHUHQW
HLJHQPRGH IRUPDWLRQ LQ SODQDU 36/ VWUXFWXUHV KDV EHHQ
VXFFHVVIXOO\ GHPRQVWUDWHG  7KH SDUDPHWHUV RI WKHVH
VWUXFWXUHV ZHUH FDUHIXOO\ FKRVHQ WR IDFLOLWDWH FRKHUHQW
HLJHQPRGH IRUPDWLRQ DQG WR REWDLQ D VLQJOH KLJK 4
UHVRQDQFH VXLWDEOH IRUXVH LQ DKLJKSRZHUKLJK IUHTXHQF\
VRXUFH
:KHQ WKH QHFHVVDU\ FRQGLWLRQV DUH PHW 36/ VWUXFWXUHV
KDYHWKHSRWHQWLDOWRSURYLGHHIIHFWLYHLQWHUDFWLRQUHJLRQVIRU
QRYHO FRKHUHQW VRXUFHV RI UDGLDWLRQ $OO WKH 36/V
FRQVLGHUHG DUH VFDODEOH DQG DUH WKHUHIRUH DSSOLFDEOH WR D
EURDG UDQJH RI IUHTXHQFLHV IURP WKH PLFURZDYH DQG PP
ZDYH UDQJH DQG VWUHWFKLQJ LQWR WKH 7+] DQG IDULQIUDUHG
UHJLRQVRIWKHHOHFWURPDJQHWLFVSHFWUXP
$&.12:/('*0(17
$P\-0DF/DFKODQDQG$53KLSSVWKDQNWKH(365&
IRU VXSSRUWLQJ WKHLU SRVWJUDGXDWH VWXGHQWVKLSV  7KLV ZRUN
ZDV SDUWO\ IXQGHG E\ D /HYHUKXOPH 7UXVW ,QWHUQDWLRQDO
*UDQW 1HWZRUN RQ ³$GYDQFHG UHVHDUFK RQ JHQHUDWLRQ RI
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